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Abstract
We investigate the abundance and properties (especially, grain size) of dust in galaxy halos using available observational data in the
literature. There are two major sets of data. One is (i) the reddening curves at redshifts z ∼ 1 and 2 derived for Mg ii absorbers,
which are assumed to trace the medium in galaxy halos. The other is (ii) the cosmic extinction up to z ∼ 2 mainly traced by distant
background quasars. For (i), the observed reddening curves favor a grain radius of a ∼ 0.03 µm for silicate, while graphite is not
supported because of its strong 2175 Å bump. Using amorphous carbon improves the fit to the reddening curves compared with
graphite if the grain radius is a . 0.03 µm. For (ii), the cosmic extinction requires η & 10−2 (η is the ratio of the halo dust mass to
the stellar mass; the observationally suggested value is η ∼ 10−3) for silicate if a ∼ 0.03 µm as suggested by the reddening curve
constraint. Thus, for silicate, we do not find any grain radius that satisfies both (i) and (ii) unless the halo dust abundance is much
larger than suggested by the observations. For amorphous carbon, in contrast, a wide range of grain radius (a ∼ 0.01–0.3 µm) is
accepted by the cosmic extinction; thus, we find that a grain radius range of a ∼ 0.01–0.03 µm is supported by combining (i) and
(ii). We also discuss the origin of dust in galaxy halos, focusing on the importance of grain size in the physical mechanism of dust
supply to galaxy halos.
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1. Introduction
The interstellar dust is known to occupy around 1% of the
total mass of the interstellar medium (ISM) in the Milky Way,
which means that around half of the metals1 are in the solid
(dust) phase (e.g. Evans, 1994; Jenkins, 2009). Dust forms
and evolves mainly in the ISM of galaxies through various pro-
cesses (Asano et al., 2013). Since a galaxy is not a closed sys-
tem, the ISM interacts with the circum-galacticmedium (CGM)
and the intergalactic medium (IGM) through outflow driven
by supernovae (SNe) and active galactic nuclei (AGNs) (e.g.,
Veilleux et al., 2005), and through inflow driven by cooling
and/or gravity (e.g., Keresˇ et al., 2005). The outflow could also
transport the interstellar dust to the CGM and IGM (Zu et al.,
2011; McKinnon et al., 2016; Hou et al., 2017; Aoyama et al.,
2018). Radiation pressure from newly formed stars in a galaxy
could also drive the interstellar dust outward, supplying the dust
to the CGM and IGM (Ferrara et al., 1991; Bianchi and Ferrara,
2005; Bekki, 2015). Therefore, the cosmic dust has a wide spa-
tial distribution not limited to the ISM but extended over the
cosmological volume (see also Aguirre, 1999).
The dust content in galaxy halos (or the CGM; hereafter,
we simply use words “galaxy halo” to indicate the circum-
galactic environment up to a radius of ∼ 100–200 kpc) gives
us a clue to the transport of dust from the ISM to the IGM,
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1We refer to elements heavier than helium (such as C, N, O, etc.) as metals,
following the convention in astronomy.
since galaxy halos are the interface between the ISM and the
IGM. Me´nard et al. (2010, hereafter M10) detected reddening2
in galaxy halos using the cross-correlation between the galaxy
position and the reddening of background quasi-stellar objects
(QSOs) for a large sample of galaxies taken by the Sloan Digital
Sky Survey (SDSS; York and et al. 2000). The median redshift
of their sample is z ∼ 0.3 (z denotes the redshift). They de-
tected reddening up to a radius of several Mpc from the galaxy
center. Peek et al. (2015) applied basically the same method
to nearby galaxies (z ∼ 0.05), and found a similar radial pro-
file of reddening to the one found in M10. Masaki and Yoshida
(2012) confirmed the observationally suggested large extent of
dust distribution in galaxy halos by comparing their analytic
halo model with M10’s data.
The existence of dust in galaxy halos is important in the fol-
lowing aspects. Dust contained in galaxy halos on a line of sight
causes dust extinction on a cosmological distance scale. This
could lead to a systematic reddening effect on distant QSOs
and SNe. Dust in galaxy halos is also of fundamental im-
portance in the total dust budget in galaxies and in the Uni-
verse, since M10 estimate that the dust mass in a galaxy halo
is on average comparable to that in a galaxy disc. Moreover,
as Inoue and Kamaya (2003, 2004) argued, dust in the IGM
could affect the thermal state of the IGM through photoelec-
tric heating. They constrained the grain size and the dust-to-
2In this paper, we define the reddening as the difference between the dust
extinctions (usually expressed in units of magnitude) at two wavelengths. Since
dust extinction tends to be larger at shorter wavelengths, the color usually be-
comes redder than the intrinsic one after dust extinction.
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gas ratio in the IGM using the observed thermal history of the
IGM, although those two quantities are degenerate in such a
way that small grains require smaller abundance of dust. It
is also important to note that dust extinction strongly depends
on grain size (or grain size distribution) and dust-to-gas ra-
tio (Inoue and Kamaya, 2004, 2010). Thus, among dust grain
properties, we focus on grain size and dust-to-gas ratio (or dust
abundance) in this paper.
To clarify the dust properties in galaxy halos, it would be ob-
servationally convenient to target specific objects that represent
the CGM.Me´nard and Fukugita (2012, hereafterMF12) argued
that Mg ii absorbers trace the gas in galaxy halos, based on the
impact parameters. The estimated dust-to-gas ratio for Mg ii
absorbers is also consistent with that expected for L∗ galax-
ies, which indicates that Mg ii absorbers are associated with
∼ L∗ galaxies (i.e., galaxies with the characteristic optical lu-
minosity in the luminosity function) (Me´nard and Chelouche,
2009). Deep imaging observations also support this associa-
tion (Steidel et al., 1997; Zibetti et al., 2007). MF12 pointed
out that, if Mg ii absorbers are associated with outflow originat-
ing from metal-enriched galaxies, their dust-to-gas ratios com-
parable to the Milky Way dust-to-gas ratio (∼ 1/100) can be
naturally explained. Although we should keep in mind that the
origin of Mg ii absorbers has still been debated, there are some
observations that showed a link between Mg ii absorbers and
outflows driven by stellar feedback (energy input from stars)
(Bond et al., 2001; Tremonti et al., 2007; Bouche´ et al., 2007).
York et al. (2006) studied about 800 Mg ii absorbers at z ≃
1.0–1.9. By comparing sub-samples with various absorption
strength, they derived the extinction curves for those absorbers,
finding that they are described well by the Small Magellanic
Cloud (SMC) extinction curve. MF12 analyzed the reddening
of background QSOs and derived reddening curves (reddening
as a function of rest-frame wavelengths) for Mg ii absorbers at
z ∼ 1 and 2. They found that the reddening curves are fitted well
with the SMC extinction curve. For nearby (z ∼ 0.05) galax-
ies, Peek et al. (2015) derived a similar reddening curve to the
one obtained above, except for the strong excess in the u-band
(i.e., at the shortest among their sampled wavelengths). The
strongly rising trend toward short wavelengths (λ . 0.2 µm,
where λ is the rest-frame wavelength) in the SMC extinction
curve, which is consistent with the reddening curves of Mg ii
absorbers, indicates the existence of grains with radii smaller
than λ/(2pi) ∼ 0.03 µm (Bohren and Huffman, 1983). In other
words, the reddening curves could be used to obtain the infor-
mation on grain size in galaxy halos.
In this paper, we aim at putting a constraint on the dust grain
size and the dust abundance in galaxy halos based on the cur-
rently available data in the literature. The obtained constraints
on those quantities could be used to clarify the origin and evo-
lution of dust in galaxy halos. Although our analysis is limited
by the current uncertainty in the observational data, we make a
first attempt to draw a useful conclusion about the grain size as
we see later. We also discuss some theoretical predictions in the
literature on the dust properties in galaxy halos, and comment
on the limitation of the current knowledge on dust in galaxy
halos.
The paper is organized as follows. We formulate the model of
reddening curves and dust extinction in Section 2. We show the
results and compare them with observational data in Section 3.
We further discuss the model predictions in terms of theoreti-
cal predictions in the literature, and clarify the limitation of our
knowledge on halo dust in Section 4. Finally we conclude in
Section 5. Throughout this paper, we adopt H0 = 70 km s−1
Mpc−1, ΩM = 0.3, and ΩΛ = 0.7 for the cosmological parame-
ters.
2. Model
We construct a model that describes the reddening caused by
dust in galaxy halos. We mainly treat the wavelength depen-
dence of reddening, which we refer to as the reddening curve,
and the extinction over the cosmic distance, which we refer to
as the cosmic extinction. We formulate those quantities in what
follows.
2.1. Reddening
The wavelength dependence of extinction can be used to con-
strain dust properties, especially grain size. Although it is diffi-
cult to measure the extinction in a single band, the color excess
or reddening, which is a relative flux change at two wavelengths
due to dust extinction, is rather easily derived. The redden-
ing is defined as the difference in the extinctions at λ1 and λ2
(λ1 > λ2).
The currently available data for dust in galaxy halos are not
precise enough to constrain the detailed grain size distribution.
The functional form of the grain size distribution and the max-
imum and minimum of grain radius are degenerate (i.e., it is
usually difficult to determine all those properties uniquely), es-
pecially when the reddening is given with a sparse sampling of
wavelengths. Thus, we assume that all the dust grains have a
single radius, a, for simplicity. This simple assumption is use-
ful to obtain the typical radius of dust grains that dominate the
opacity in galaxy halos. We additionally discuss the effect of
grain size distribution in Section 4.2.
To evaluate the extinction, we need the mass extinction co-
efficient (the cross-section for extinction per dust mass), κext(λ)
(Hildebrand, 1983):
κext(λ) =
3Qext(λ, a)
4as
, (1)
where Qext(λ, a) is the extinction cross-section per geometric
cross-section, and the grains are assumed to be spherical with
grain radius a and material density s. We calculate Qext using
the Mie theory with grain properties in the literature (Section
2.3). The extinction at wavelength λ, Aλ, is estimated as
Aλ = 2.5(log e) κext(λ)µmHNHD, (2)
where µ(= 1.4) is the gas mass per hydrogen, mH is the mass of
hydrogen atom, NH is the column density of hydrogen nuclei,
andD is the dust-to-gas ratio.
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Since the reddening Aλ1 − Aλ2 is proportional to NHD,
3 we
need to adopt objects whose column density and dust-to-gas
ratio are well constrained. Following MF12, we use Mg ii ab-
sorbers as tracers of dust in galaxy halos (see the Introduction).
According to MF12, the typical column density of an Mg ii ab-
sorber is NH ∼ 1019.5 cm−2, and the dust-to-gas ratio is 60–80
per cent of the Milky Way value if we use AV/NH for the in-
dicator of dust-to-gas ratio. Assuming the typical dust-to-gas
ratio of the Milky Way to be 0.01 (or slightly less) (e.g., Pei,
1992), we adopt D ∼ 0.006 for Mg ii absorbers. Peek et al.
(2015) derived a reddening curve for galaxy halos at z ∼ 0.05.
Their reddening curve is similar to the one obtained by MF12,
except for the strong excess of extinction in the u-band (i.e., at
the shortest wavelength among their bands). As we see later,
the column density, which is poorly known for galaxy halos, is
also important. Because of the well estimated column density
for Mg ii absorbers, we adopt the data in MF12.
2.2. Extinction over the cosmic distance (cosmic extinction)
Dust enrichment in galactic halos has not been fully under-
stood yet. Thus, as a starting point, we simply scale the halo
dust mass with the stellar mass in the galaxy. This may be a
reasonable starting point because the dust is most probably sup-
plied to the halo as a result of stellar feedback (MF12; Hou et al.
2017). Masaki and Yoshida (2012) also adopted this assump-
tion in their model that reproduced a consistent dust distribu-
tion to M10’s observation data. From that assumption, the dust
mass in the halo, Md,halo can be expressed as
Md,halo = ηMstar, (3)
where Mstar is the stellar mass and η is the mass ratio of the dust
in the halo to stars. Peek et al. (2015) showed, using a sample
at z ∼ 0.05, that Md,halo ∝ M0.23star . Thus, in general, η depends
on Mstar.
The statistics of the stellar mass per comoving volume in
the Universe is described by the stellar mass function (proba-
bility distribution function of galaxies with stellar mass Mstar),
Φ(Mstar). We adopt the stellar mass function at z < 3 from
Tomczak et al. (2014). We estimate the comoving halo dust
density, ρd,halo, as
ρd,halo =
∫
Md,haloΦ(Mstar) dMstar,
= 〈η〉ρstar, (4)
where the integration range for the stellar mass is the same
(109 M⊙ < Mstar < 1013 M⊙) as in Tomczak et al. (2014), 〈η〉
is the average of η for the corresponding stellar mass range, and
ρstar is the comoving stellar mass density (Appendix A). We
adopt the following fitting for ρstar as a function of redshift z as
(Tomczak et al., 2014)
log ρstar [M⊙ Mpc−3] = −0.33(1 + z) + 8.75. (5)
3Extinction curves are often expressed with normalization to the value at a
certain wavelength λ0: Aλ/Aλ0 (e.g. Pei, 1992). However, the absolute value of
extinction Aλ0 is necessary and is unknown for the observed extinction curve in
MF12. Reddening (Aλ − Aλ0 ) is easier to derive from the QSO colors.
If we assume that the cosmic extinction up to redshift z at
wavelength λobs in the observer’s frame (the optical depth of
the cosmic extinction is denoted as τd,cosmo(z, λobs)) is domi-
nated by the dust in galaxy halos, we can estimate the dust op-
tical depth per comoving length as Kext = σgngτd,halo(λ), where
σg is the mean geometrical cross-section of galaxy halo, ng is
the comoving number density of galaxies, and τd,halo(λ) is the
mean extinction optical depth of galaxy halo as a function of
rest-frame wavelength λ. At the same time, using the mass ex-
tinction coefficient, τd,halo(λ) [λ is the rest-frame wavelength,
which is related to λobs as λ = λobs/(1 + z)] is estimated as
τd,halo(λ) = κext(λ)ρdl, where ρd is the mean dust mass density in
galaxy halos and l is the path length in a halo. Thus, we obtain
Kext = σgngκext(λ)ρdl. Since σgl is the mean volume of galaxy
halo, ρdσgl is reduced to the total dust mass per halo, denoted
as 〈Md,halo〉 (Appendix A). After all, using equation (A.6), Kext
is expressed as
Kext(z, λ) = κext(λ)〈Md,halo〉ng = κext(λ)ρd,halo(z). (6)
Note that, since we are interested in cosmological-volumeprop-
erties sampled by random lines of sight, only the mean quanti-
ties within a halo is relevant here. Possible clumpiness of dust
distribution in halos does not affect our results. This is why
the resulting opacity, Kext, depends only on the mean dust mass
density, ρd,halo.
Finally, the extinction optical depth up to redshift z at wave-
length λobs in the observer’s frame, τd,cosmo(z, λobs), is estimated
as (M10)
τd,cosmo(z, λobs) =
∫ z
0
Kext
(
z′,
λobs
1 + z′
)
c(1 + z′)2
H(z′)
dz′, (7)
where c is the light speed, and H(z) is the Hubble parameter at
z. For the flat Universe,
H(z) = H0
[
ΩM(1 + z)3 + ΩΛ
]1/2
. (8)
2.3. Choice of parameter values
The dust abundance in a galaxy halo is regulated by 〈η〉
(equation 4) in our model. Hereafter, we simply denote 〈η〉
as η for the brevity of notation. M10 show that the dust mass
in a galaxy halo is on average ∼ 5 × 107 M⊙. They also
argue that the effective stellar luminosity of their sample is
0.45L∗. If we assume that the stellar mass of a galaxy with
stellar luminosity L∗ is the characteristic mass of the stellar
mass function (M∗ = 1011.05 M⊙) derived by Tomczak et al.
(2014), the mean stellar mass in M10’s sample is estimated as
∼ 0.45M∗ = 5×1010 M⊙. By taking the ratio of the typical dust
mass in a halo to the typical stellar mass, we obtain η ∼ 10−3
for M10’s sample. Peek et al. (2015) derived a similar halo dust
mass for sub-L∗ galaxies. Thus, we adopt η = 10−3 as a fiducial
value.
We consider silicate and graphite as representative grain ma-
terials that reproduce the extinction curves in nearby galaxies
(Draine and Lee, 1984; Weingartner and Draine, 2001). In ad-
dition, we adopt amorphous carbon (Zubko et al., 1996), which
could be required to reproduce the extinction curves whose
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2175 Å bump is not prominent (Nozawa et al., 2015; Hou et al.,
2016). We adopt s = 3.5, 2.24 (Weingartner and Draine, 2001)
and 1.81 g cm−3 (Zubko et al., 2004) for the material densities
of silicate, graphite, and amorphous carbon, respectively. The
extinction coefficient, Qext(λ, a), in equation (1) is calculated
using the Mie theory (Bohren and Huffman, 1983) for spheri-
cal grains with the optical properties available in the above ref-
erences. Jones et al. (2013) adopted a different line of models
for carbon dust species and also adopted compound (or coag-
ulated) species. However, the present observational data for
dust in galaxy halos are not rich enough to distinguish the de-
tailed dust properties; thus, we simply examine the difference
between graphite and amorphous carbon as two “representa-
tive” carbonaceous species.
3. Results
We compare our calculated results with observational data
for the reddening curves and the cosmic extinction. Since there
are large uncertainties in observational data, we do not attempt
any sophisticated fitting procedure, but focus on presenting sim-
ple comparisons between our prediction and the observations.
However, even with the currently available observational data,
we are able to draw some interesting conclusions as we see in
this section.
3.1. Reddening curve
The dust grain size is effectively constrained by the redden-
ing curve. Following the assumption in MF12, we trace the
reddening in galaxy halos byMg ii absorbers (see also the Intro-
duction). We use the reddening curve derived from the redden-
ing analysis of background QSOs for Mg ii absorbers at z ∼ 1
and 2 by MF12. We adopt the SDSS u, g, r, and i band data,
and do not use shorter Galaxy Evolution Explorer (GALEX;
Martin et al. 2005) bands, where hydrogen, not dust, dominates
the absorption (see fig. 4 in MF12).
As mentioned in Section 2.1, we adopt NH = 1019.5 cm−2 for
the fiducial value, but considering the uncertainty in NH andD,
we examine an order of magnitude variation of the reddening by
changing NH between 1019 and 1020 cm−2 (but fixingD = 0.006
because of the degeneracy between NH andD). The uncertainty
given here is more conservative than that given in MF12.
In Fig. 1, we show the reddening, Aλ − Ai, as a function of
rest-frame wavelength λ for silicate. We examine three cases
for the grain radius: a = 0.01, 0.03, and 0.1 µm. We find
that the observed reddening curves are broadly reproducedwith
a = 0.03 µm. If the grain radius is as large as a = 0.1 µm, the
calculated reddening curve is too flat (or |Aλ − Ai| is too small)
to reproduce the data, which we confirmed to be true also for
a > 0.1 µm. If the grain radius is as small as a = 0.01 µm, the
calculated reddening is too small (especially at λ > 0.25 µm),
simply because Aλ is small in the relevant wavelength range
(this is true also for a < 0.01 µm). Therefore, the grain radii
in Mg ii absorbers (and probably in galaxy halos) are around
0.03 µm if the main composition is silicate. Silicate grains
larger than 0.1 µm or smaller than 0.01 µm are not favored in
explaining the reddening curve of Mg ii absorbers.
Figure 1: Reddening curves for silicate with grain radii (a) a = 0.01 µm, (b) a =
0.03 µm, and (c) a = 0.1 µm at z = 1 and 2. The orange and light blue bars show
the theoretically predicted ranges of Aλ − Ai in the SDSS u, g, and r bands (the
rest-frame wavelengths are shown) at z = 1 and 2, respectively. The red dotted
and blue dashed lines connect the upper and lower ranges corresponding to
NH = 1019–1020 cm−2 at z = 1 and 2, respectively. The red diamonds and blue
squares with error bars show the observed reddening data for Mg ii absorbers
at z = 1 and 2, respectively, taken from MF12. The error bars are expanded
by a factor of 3 relative to those in MF12 for a conservative comparison. If
the observational data overlap with the orange and light blue bars, the model is
successful. For a = 0.01 µm, the reddening at λ > 0.25 µm is too small to be
clearly seen.
4
In Fig. 2, we show the reddening curves for graphite. We
observe that, because of the prominent 2175 Å bump of small
(a . 0.03 µm) graphite grains, the observed reddening is dif-
ficult to reproduce with graphite. In particular, the strongly
non-monotonic behavior along the wavelength is not supported
by the observational data. This is why previous studies such
as M10 and MF12 used the SMC extinction curve, which is
bumpless, to interpret the extinctions in galaxy halos and Mg
ii absorbers. For a = 0.1 µm, the calculated reddening curve
is too flat as was also the case with silicate (this is also true
for a > 0.1 µm). Therefore, graphite is not supported by the
observed reddening curves.
Another carbonaceous species, amorphous carbon, does not
have such a strong feature; thus, we expect that the observed
reddening curves are better explained by amorphous carbon
than by graphite. In Fig. 3, we show the reddening curves cal-
culated for amorphous carbon. Because of the weaker bump, as
expected, amorphous carbon fits the observed reddening curves
better than graphite for a = 0.01 and 0.03 µm. For a = 0.1 µm,
the calculated reddening curve is too flat, as was also the case
with graphite. Therefore, a carbonaceous material with a weak
feature is marginally accepted by the observed reddening curves
if the grain radius is a . 0.03 µm.
3.2. Cosmic extinction
The second constraint on the dust properties is obtained from
the cosmic extinction. For comparison with observational data,
we adopt the upper and lower limits for the cosmic extinction
at z < 2 compiled in M10. We refer to the appendix in M10
and the references therein for the summary of those data, and
only briefly describe them in what follows. Avgoustidis et al.
(2009) obtained a constraint on the dust opacity up to z ∼ 0.5
by combining the data of the baryon acoustic oscillation and
Type Ia SNe. They obtained an upper limit of extinction at the
visible wavelength as 0.08 mag. Mo¨rtsell and Goobar (2003)
analyzed QSO colors at 0.5 < z < 2, and put an upper limit
of AV < 0.2 mag at z ≃ 1. Me´nard et al. (2008) measured the
reddening of Mg ii absorbers, which are interpreted as residing
in halos of ∼ L∗ galaxies. Based on their statistical data, M10
estimated the contribution of Mg ii absorbers to the cosmic ex-
tinction, obtaining AV > 0.009, > 0.029, and > 0.044 mag
at z = 0.6, 1.3 and 1.8, respectively. Those AV values are
lower limits because they only count Mg ii absorbers. Strictly
speaking, their extinction estimates assume that the SMC ex-
tinction curve is applicable, which may not be consistent with
our adopted wavelength dependence of κν. We comment on this
issue later in Section 4.1.
We calculate the cosmological extinction τd,cosmo(z, λobs)
(see Section 2.2). Precisely speaking, the observer’s frame
wavelength λobs varies slightly among the observational con-
straints, but it is always around the V band. We simply repre-
sent λobs by the V-band wavelength (0.55 µm) following M10.
This particular choice of wavelength does not affect our discus-
sions below. We present the extinction in units of magnitude by
multiplying τd,cosmo by 2.5 log e = 1.086.
First, we show the results for various η with a fixed radius
a = 0.03 µm (this grain size is favored by the reddening curve
Figure 2: Same as Fig. 1 but for graphite.
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Figure 3: Same as Fig. 1 but for amorphous carbon.
as shown above) in Fig. 4. In this case, the cosmic extinction
is simply proportional to η. We observe that, for consistency
with the observational constraints, η > 10−2 is required for sil-
icate, while the fiducial value η ∼ 10−3 as suggested above is
consistent with the observational constraints for graphite and
amorphous carbon.
Next, we calculate the cosmological extinction for various
grain radii with a fixed η = 10−3 in Fig. 5. As we already dis-
cussed above, the extinction of silicate is not large enough to
satisfy the observational constraints with η = 10−3. We also
find that the silicate extinction is sensitive to the grain radius:
for a = 0.1 µm, η slightly larger than 10−3 is consistent with the
observational constraints. Thus, large grains with a ∼ 0.1 µm
is favored by the cosmic extinction if the main dust composi-
tion is silicate and η ∼ 10−3. The extinctions of graphite and
amorphous carbon are less sensitive to the grain radius. With
the fiducial value of η (= 10−3), graphite and amorphous car-
bon predict cosmic extinctions consistent with the observational
constraints unless the grain radius is & 0.3 µm.
4. Discussion
4.1. Consistency between reddening and cosmic extinction
We have used two observational constraints: one is the red-
dening curves observed forMg ii absorbers (assuming thatMg ii
absorbers trace the medium in galaxy halos), and the other is the
cosmic extinction. Below, we summarize the constraint on the
grain radius obtained for each grain species in Section 3, and
examine if we find grain radii that explain both of the above
observational constraints.
For silicate, the reddening curves favor a ∼ 0.03 µm, while
the cosmic extinction indicates that we need a halo dust abun-
dance more than ∼ 10 times higher than suggested by observa-
tion (i.e., η & 10−2) if a ∼ 0.03 µm. The cosmic extinction is
marginally consistent with η ∼ 10−3 if a ∼ 0.1 µm. Such a large
grain size predicts too small a reddening as shown in Fig. 1a.
Therefore, if silicate is the main composition, a large amount of
dust η > 10−2 in galaxy halos is required (in other words, we
do not find a consistent grain radius under η = 10−3).
For graphite, the observed reddening curves are not repro-
duced well because of the prominent 2175 Å bump. In contrast,
the cosmic extinction is consistent with the observational con-
strains in a broad range of grain radius with the fiducial value
of η (= 10−3). Thus, we tried a carbonaceous material with-
out a strong bump in the ultraviolet (UV); that is, amorphous
carbon. For amorphous carbon, the reddening curves prefer
a . 0.03 µm, while the cosmic extinction favors a . 0.1 µm
under η = 10−3. Thus, small grains with a . 0.03 µm is accept-
able for both the reddening curves and the cosmic extinction.
In summary, depending on the main dust composition, there
are two lines of “solutions” for the consistency between the red-
dening curves and the cosmic extinction: if the main material
is silicate, grains should have radii ∼ 0.03 µm but a higher dust
abundance (η > 10−2) in galaxy halos than suggested by the ob-
servations is required. If the main component of dust in galaxy
halos is carbonaceous dust, it should not have a strong bump
6
Figure 4: Extinction as a function of redshift (cosmic extinction) for various η
(dust abundance in the halo relative to the stellar mass) with a fixed grain size
of a = 0.03 µm. Panels (a), (b), and (c) show silicate, graphite and amorphous
carbon. The solid, dotted, dashed, and dot-dashed lines present the results for
η = 10−2 , 3×10−3, 10−3, and 3×10−4, respectively. Upper (downward arrows)
and lower (upward arrows) limits at various redshifts are taken from M10 (see
the references therein).
Figure 5: Same as Fig. 4 but for various grain radii with a fixed η = 10−3. The
solid, dotted, dashed, dot-dashed, and dot-dot-dot-dashed lines show the results
for a = 0.003, 0.01, 0.03, 0.1, and 0.3 µm, respectively.
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in the UV and should have grain radii a . 0.03 µm under the
fiducial value of η = 10−3.
Precisely speaking, the observational lower limits on the cos-
mic extinction in Figs. 4 and 5 have been derived using the SMC
extinction curve. If large grains (a & 0.1 µm), whose extinction
curve is significantly flatter than the SMC curve, are the main
component of dust in galaxy halos, more dust is necessary to
reproduce the same amount of reddening. That is, the observa-
tional lower limits shown in Figs. 4 and 5 are raised if the grain
size is large. Therefore, the discrepancy between our theoret-
ical predictions for a & 0.1 µm and the lower limits become
larger in Fig. 5a. Such large grains are, however, not favored by
the reddening constraints obtained in Section 3.1.
4.2. Effects of grain size distribution
In the above, we have simply assumed that all the grains have
a single radius. This radius is interpreted as the typical radius of
grains which dominate the extinction opacity. This approach is
useful because constraining the grain size distribution only with
sparse wavelength sampling of a reddening curve is a highly
degenerate problem. It is expected that the above conclusion
on the necessity of small (a . 0.03 µm) grains in reproducing
the reddening curve is robust even if we consider a grain size
distribution.
Although the full grain size distribution is impossible to de-
termine, it is worth examining the effect of grain size distribu-
tion on the conclusion. In particular, we focus on examining
if small (a . 0.03 µm) grains are required robustly. To con-
centrate on the existence of small grains, we fix the maximum
grain radius, amax, and the functional form of the grain size dis-
tribution but move the minimum grain radius, amin:
n(a) = Ca−3.5 (amin ≤ a ≤ amax), (9)
where C is the normalizing constant (but as we show below,
C is not important). This power-law form is appropriate for
the Milky Way dust (Mathis et al., 1977, hereafter MRN). Al-
though there is no physical reason that this functional form
is applicable to the IGM/CGM dust, we simply adopt this
form to examine the effect of small grains (amin). We adopt
amax = 0.25 µm according to MRN, while we vary amin = 0.01,
0.03, and 0.1 µm.
We extend the formulation in Section 2.1 by considering the
grain size distribution. The mass extinction coefficient is ex-
pressed instead of equation (1) as
κext(λ) =
∫ amax
amin
pia2Qext(λ, a)n(a) da∫ amax
amin
4
3pia
3sn(a) da
. (10)
Here the above normalization constant C cancels out.
In Fig. 6, we show the reddening curve for silicate with the
above grain size distribution. Compared with Fig. 1, the steep-
ness of the reddening curve is moderate for amin = 0.01 and
0.03 µm because of the contamination of large grains. Nev-
ertheless, the theoretical reddening curves are broadly consis-
tent with the observations if amin ≤ 0.03 µm. As shown in
Fig. 1, silicate grains with a ∼ 0.01 µm have too small ex-
tinction, so the major contribution comes from grains with
a ∼ 0.03 µm for even if amin = 0.01 µm. The reddening curves
with amin = 0.1 µm is too flat to explain the observed curves.
Therefore, we strengthen the conclusion that, if the main com-
position is silicate, small grains with a ∼ 0.03 µm is necessary
to explain the observed reddening curves in Mg ii absorbers.
In Fig. 7, we show the results for graphite. Because of the
contamination of large grains, the bump feature is moderate
compared with Fig. 2; however, the non-monotonic behavior
affected by the bump still remains if amin . 0.03 µm. If the
minimum grain size is as large as ∼ 0.1 µm, the reddening curve
is too flat to explain the observations. Therefore, graphite is still
not favored even if we consider the effect of grain size distribu-
tion.
In Fig. 8, we show the reddening curves for amorphous car-
bon. As expected, the strong bump is effectively eliminated.
However, the calculated reddening curves are too flat to explain
the observations even with amin = 0.01 µm because of the con-
tamination of large grains. Therefore, if the major component
of dust is amorphous carbon, it is required that most grains have
a . 0.03 µm.
The conclusions derived with a single grain radius are not al-
tered as long as the reddening curve is concerned: if the main
composition is silicate, small grains with a . 0.03 µm are re-
quired (i.e., amin . 0.03 µm). If the main composition is car-
bonaceous dust, the grain size distribution should be biased to
small sizes (a . 0.03 µm).
In Fig. 9, we also plot the cosmic extinction with the ef-
fect of grain size distribution. We adopt η = 10−3. Com-
pared with Fig. 5, the variation of cosmic extinction among
various amin is smaller. For silicate with amin = 0.03 µm, which
produces a consistent reddening curve with observations (Fig.
6), the theoretical cosmic extinction is 3 times smaller than
the observational lower limits. This discrepancy (3 times) is
smaller than the discrepancy seen in the single-size case with
a = 0.03 µm (10 times; Fig. 5a). This means that, if we take
the grain size distribution into account, we find a solution that
explains both the reddening curves and the cosmic extinction
with η & 3×10−3. For graphite and amorphous carbon, the cal-
culated cosmic extinction is consistent with the observational
constraints.
In summary, the conclusions under the single-radius treat-
ment above do not change significantly even if we consider the
grain size distribution: (i) For silicate, inclusion of small amin .
0.03 µm is favored, and a larger dust abundance (η & 3 × 10−3)
than suggested by observations is required. (ii) For carbona-
ceous dust (amorphous carbon), small grains with a ∼ 0.03 µm
should be dominant.
4.3. Comparison with other theoretical studies
Recently, there have been some cosmological simulations
and semi-analyticmodels that calculate dust formation in galax-
ies and subsequent dust transport into galaxy halos or inter-
galactic space (McKinnon et al., 2016, 2017; Popping et al.,
2017). McKinnon et al. (2016) showed that the radial profile
of dust surface density in the galaxy halo can be roughly con-
sistent with M10’s observational data, depending on the stel-
lar feedback model adopted (see also Aoyama et al., 2018).
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Figure 6: Same as Fig. 1 but including the effect of grain size distribution (equa-
tion 9 with amax = 0.25 µm) for silicate. The minimum grain radius is varied
as (a) amin = 0.01 µm, (b) amin = 0.03 µm, and (c) amin = 0.1 µm.
Figure 7: Same as Fig. 6 but for graphite.
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Figure 8: Same as Fig. 6 but for amorphous carbon.
Figure 9: Same as Fig. 5 but including the effect of grain size distribution. The
solid, dotted, dashed, and dot-dashed lines show the results for amin = 0.003,
0.01, 0.03, and 0.1 µm, respectively.
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Popping et al. (2017), using their semi-analytic model, showed
that the galaxy halo component contains a comparable amount
of dust to the ISM component. Zu et al. (2011) used a cos-
mological hydrodynamics simulation and reproduced the radial
distribution of dust in galaxy halos by assuming that dust traces
the metals. They also showed the dust abundance in galaxy
halos is sensitive to the stellar feedback model. Therefore, it is
still a challenge for theoretical models to reproduce such a large
dust abundance in galaxy halos as observed by M10.
Hydrodynamic simulations with dust enrichment by
Aoyama et al. (2017, 2018) and Hou et al. (2017) treat infor-
mation on grain size distribution represented by the abundance
of large and small grains. Hou et al. (2017) and Aoyama et al.
(2018) show that the grains in galaxy halos are biased to
large (a > 0.03 µm) grains. In contrast, as shown above, the
reddening curves of Mg ii absorbers at z ∼ 1 and 2 indicate
the dominance of small (a . 0.03 µm) grains. Thus, there is a
tension in the grain size between the above simulations and the
observed reddening curves. However, the above two simula-
tions did not include dust transport by radiation pressure, which
could be important as a mechanism of outflow (Murray et al.,
2011). Ferrara et al. (1991) and Bianchi and Ferrara (2005)
show that grains with a ∼ 0.03–0.3 µm can be dynamically
decoupled from gas and transported to the galaxy halo, but
that the radiation pressure has no reason of preferentially
transporting grains with a . 0.03 µm.
It may be possible that small grains are produced in situ
in Mg ii absorbers. Some authors argue that Mg ii absorbers
are associated with outflow induced by active star formation
(Norman et al., 1996; Bond et al., 2001). Because of a high ve-
locity of outflow, shock or high-velocity turbulence could be
induced in the wind. Both shock (Jones et al., 1996) and turbu-
lence (Yan et al., 2004; Hirashita and Yan, 2009) are considered
as mechanisms of inducing grain shattering. Therefore, grains
may be shattered in the outflows. It is suggested that Mg ii ab-
sorbers has a spatial scale as small as 30 pc (Lan and Fukugita,
2017). Since the above simulations are not capable of resolving
such a small-scale structure, shattering in outflowing gas was
not successfully treated. In the future, it may be desirable to in-
vestigate the possibility of shattering in outflows using a high-
resolution simulations that are capable of resolving the internal
structures in the outflowing gas.
5. Conclusion
We investigate the abundance and properties of the dust
in galaxy halos using available observations in the literature.
There are two major sets of data: reddening curves and cos-
mic extinction. The reddening curves are derived by assuming
that Mg ii absorbers trace the medium in galaxy halos. From
the reddening curves, we show that the typical grain radius is
a ∼ 0.03 µm for silicate. Graphite is not consistent with the
observed reddening curve because of its strong 2175 Å bump.
Using amorphous carbon improves the fit to the reddening. For
amorphous carbon, a . 0.03 µm is supported by the reddening
curves.
The observational constraints on the cosmic extinction sug-
gest that the grain radius be a . 0.1 µm for carbonaceous dust if
the halo dust abundance relative to the stellar mass is η = 10−3
as suggested by M10. For silicate, if η = 10−3, the cosmic ex-
tinction is significantly underestimated and only a ∼ 0.1 µm
is marginally consistent with the observational lower limits. In
other words, silicate favors a higher dust abundance in galaxy
halos such as η & 10−2 if we adopt a ∼ 0.03 µm suggested
by the reddening curves. The constraint on η becomes milder
(η & 3 × 10−3) if we take a grain size distribution into ac-
count, but the value of η is still larger than the fiducial value.
Thus, if the main dust composition in galaxy halos is silicate,
there is a tension in the grain size between the constraint from
the reddening and that from the cosmic extinction. For car-
bonaceous dust (amorphous carbon), those two constraints in-
dicate a . 0.03 µm. The requirement of small grains with
a . 0.03 µm is robustly concluded even if we consider grain
size distribution.
The favored grain radii (a . 0.03 µm) in galaxy halos are
not in line with numerical simulations by Hou et al. (2017) and
Aoyama et al. (2018). In their scenario, the halo dust is dom-
inated by large (a > 0.03 µm) grains originating from stars
because the dust tends to be ejected by stellar feedback before
being significantly processed in the ISM by shattering and ac-
cretion. Although the above simulations do not include the ef-
fect of radiation pressure, there is no physical reason that small
grains are selectively transported by radiation pressure. We
point out a possibility of shattering in the outflow driven by
stellar feedback, but a high resolution simulation is necessary
to examine whether or not this happens.
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Appendix A. Comoving mass densities
The comoving stellar mass density, ρstar, is estimated using
the stellar mass function as
ρstar =
∫
MstarΦ(Mstar) dMstar, (A.1)
while the comoving halo dust mass density, ρd,halo, is estimated
as
ρd,halo =
∫
Md,haloΦ(Mstar) dMstar. (A.2)
We also evaluate the comoving number density of galaxies:
ng =
∫
Φ(Mstar) dMstar. (A.3)
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Now we define the averaged halo dust-to-stellar mass ratio,
〈η〉 as
〈η〉 =
∫
Md,haloΦ(Mstar) dMstar
/∫
MstarΦ(Mstar) dMstar
=
∫
ηMstarΦ(Mstar) dMstar
/∫
MstarΦ(Mstar) dMstar . (A.4)
Using equations (A.1), (A.2), and (A.4), we obtain equation (4).
We also define the average halo dust mass as
〈Md,halo〉 =
∫
Md,haloΦ(Mstar) dMstar
/∫
Φ(Mstar) dMstar . (A.5)
Using equations (A.2), (A.3) and (A.5), we obtain
ρd,halo = ng〈Md,halo〉. (A.6)
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